Of the various gas/solid adsorption processes, the adsorption of methanol on active carbon seems to be most interesting for use in thermodynamic systems such as heat pumps and transformers, as well as in cooling systems. The porous structures of two series of active carbons modified by the successive removal of the external layers from the particle surface, one by abrasion in a spouted bed and the other by subsequent demineralization of the abraded particles, were evaluated on the basis of nitrogen and methanol adsorption data. The porous structure parameters for these two sorbate series agreed reasonably well and allowed the D-R approach to be usefully applied for the characterization of these systems. The methods for calculating the heat effects associated with methanol adsorption over wide ranges of temperature and pressure are discussed.
INTRODUCTION
Adsorption processes have been proposed for heat management as a consistent alternative to vapour compression systems. Gas adsorption processes may be strictly correlated with energy transfer and transformation because they are regulated by temperature and pressure. Taking these properties into account and combining endothermic desorption with exothermic adsorption processes in closed cycles, several attractive features may be realized for both heat pump and heat transformer applications (Critoph 1989; Cacciola et al. 1995; Leite and Daguenet 2000; Dabrowski 2001) .
Adsorption systems exhibit several advantages. Thus, many adsorbents do not experience any change in volume during the sorption processes in contrast to solid absorption. Also, gas adsorption systems do not require the presence of a rectifying column as in liquid absorption. Moreover, adsorption techniques allow large amounts of refrigerant liquid to be cycled.
The characteristics of both adsorbent/adsorbate (refrigerant) pairs and the adsorption cycles involved play an important role in the design of adsorption refrigeration/heat pump systems for various kinds of application. A number of suitable adsorbents can be used to adsorb refrigerants from the air with the simultaneous release of energy. Two such pairs are predominant in refrigeration systems at present: zeolite/water and active carbon/methanol. It would appear that the latter system is the more promising medium for heat storage systems (Pons and Grenier 1986; Douss and Meunier 1988, 1989 ) since methanol is easily desorbed from active carbon when the latter is heated and this pair is best capable of adaption to operating cycles with a small evaporating temperature variation (up to 313 K).
The aim of the present study was to test improvements in the properties of commercial active carbons for adsorption refrigeration systems. Methods involving the successive removal of external layers from a particle surface and the demineralization of active carbon were used for sample preparation. Characterization of the pore structure as well as measurements of the densimetric properties of the modified samples were also undertaken to establish a link between pore structure and methanol capacity. Methods for the description of methanol equilibrium data over wide ranges of temperature and pressure are proposed.
EXPERIMENTAL
Granulated active carbon of type N (Gryfskand, Poland) obtained by activation of hard coal with steam was selected as the commercial adsorbent initially studied for the recovery of organic vapours. The carbon was abraded in a spouted bed (Buczek and Czepirski 1987; Buczek 1993) , the length of such treatment being chosen so that the amount of carbon abraded as dust from the particle surface increased by ca. 33% for each successive sample. This led to the production of active carbon particles whose surface layers had been removed to different degrees. Such particles are designated as N33 and N66, respectively, below. Both the initial sample (N0) and the abraded samples were treated three times with conc. HCl and HF, followed by washing several times with distilled water. This allowed samples designated as N0D, N33D and N66D to be obtained.
Densimetric and physicochemical measurements were made to characterize the changes in the properties of the active carbons. Thus, the samples were characterized by nitrogen adsorption at 77 K (Sorptomatic 1900), the apparent density measured via a mercury pycnometer at 0.1 MPa and the true (skeletal) density measured using a helium pycnometer (AccuPyc). The results obtained are listed in Table 1 . Methanol adsorption isotherms were measured volumetrically using a device which allowed the simultaneous determination of the isotherms and the adsorption kinetics (Ciembroniewicz and Komorowska-Czepirska 1985) . A pressure stabilizer of a manostatic type guaranteed that the measurements were isobaric, while a system of thermostats ensured that the process was isothermal. Measurements were carried out over the temperature range 273-373 K.
RESULTS AND DISCUSSION
Samples obtained by attrition in a spouted bed demonstrated different physicochemical properties within a given carbon particle. Such radial changes in the texture resulted from the nature of the activation process. Highly converted external layers (containing a greater proportion of macropores) were removed during abrasion. The shape and density of the particles were also changed at the same time. On the other hand, demineralization caused the leaching of inert mineral substances from within the carbon particles. Both procedures caused distinct changes in both the porous structure and densimetric characteristics of the active carbon and consequently in its sorption properties with respect to methanol.
The adsorption isotherms of methanol vapour on sample N0D as well as the corresponding plots in the generalized coordinates of the Dubinin-Radushkevich (D-R) equation are presented in Figure 1 . All the samples readily adsorbed methanol to give reversible type I isotherms. The small step observed in some isotherms at low relative pressures was probably due to a specific interaction with the polar surface groups. The D-R plots showed reasonable linearity over the relative pressure range up to ca. 0.14P 0 as well as being independent of temperature.
The values of the specific micropore volume (V mi ), characteristic adsorption energy E 0 , micropore width (x mi ) and micropore surface area (S mi ) obtained from the isotherms are summarized in Table 2 . The molar volume of methanol in the adsorbed state was determined using the Dubinin-Nikolaev equation (Dubinin 1960) . For temperatures above the boiling point of the adsorbate, the density of the adsorbed phase r s was calculated from the Benson equation:
where r nbp is the density of the liquid adsorbate at the normal boiling point T nbp and r c is the density of the adsorbed state at the critical temperature T c (r c = 1/b, where b is the van der Waals' equation constant). For the calculation of E 0 , the similarity coefficient b was calculated from the molar volume of benzene and methanol as b = 0.44.
The results obtained for methanol over a wide range of temperature were in excellent agreement with those for nitrogen at 77 K, thereby demonstrating the applicability of the D-R equation for the analysis of the equilibrium adsorption data for the system under study.
The hypothesis that these data could be represented by the potential theory was tested next. The potential theory of adsorption may be expressed simply by:
where W, F and e correspond to the volume of adsorbed vapour, the universal adsorption function and the adsorption potential, respectively. The adsorption potential e of the molecules adsorbed from the gaseous phase on to the solid surface may be evaluated using the following formula: in which R is the gas constant, P 0 is the saturated vapour pressure of the adsorbate at an absolute temperature T and P is the partial pressure of the adsorbate vapour. Using the procedure described above, the universal adsorption function (also called the 'characteristic curve') was calculated for the system under study. The data points for the characteristic curve thus calculated for the various observed temperatures are plotted in Figure 2 . The procedure proposed gave an excellent representation of the data and analysis of the same for a given temperature resulted in a temperature-independent characteristic curve. Hence, if the characteristic curve for an adsorbate is known, the adsorption values can be predicted at any pressure and temperature. In practice, only one adsorption isotherm is necessary to obtain the characteristic curve and this is sufficient to describe adsorption at all other temperatures and pressures. Adsorption isotherm data were also fitted using the thermal-type virial adsorption equation (Czepirski and Jagiello 1989) to obtain the temperature and pressure dependence simultaneously. Although the equation used is empirical, it allows a description and prediction of the isothermal data over a wide range of pressures and temperatures:
where P is the equilibrium pressure, q is the amount adsorbed, n1, n2 are parameter numbers, and a and b are adjustable parameters. The parameter details were regressed from the experimental data using a non-linear computer regression routine.
The above equation has been employed rather than the Polanyi or Dubinin equations since the aim of this part of the work was not to characterize either the structure of the adsorbent or the different kinds of adsorbent-adsorbate or adsorbate-adsorbate interactions, but rather to apply the above-mentioned expression for numerical calculations of the thermodynamics of adsorption in active carbon/methanol systems. As a means of facilitating and speeding up calculations for various operative conditions, it was considered that the above equation would be sufficient for numerical calculations of the adsorption data for a given sample.
It may be easily shown that this equation can be utilized for estimating the isosteric heat of adsorption as a function of coverage:
The plot of the adsorption heat ( Figure 3) indicates that the texture of the active carbon was associated with adsorption heterogeneity. The isosteric heat of adsorption was higher than the heat of condensation for all the systems studied and of sufficient magnitude to be characterized as physical adsorption.
In order to compare samples of active carbon for operation in a cooling system, both the characteristic and isosteric heat of coverage curves were used to estimate the heat effect (per unit mass of active carbon) in the adsorption/regeneration cycle: Q total = Dq · DH 0 , where H 0 represents the latent heat of vaporization of methanol.
From the viewpoint of a practical cooling operation, similar temperature conditions were assumed to those in the work of Suzuki (1990 Suzuki ( , 1993 together with the corresponding value of the difference in the adsorption potential De = 10 kJ/mol. It was found (Figure 4 ) that the heat effect during the adsorption/desorption cycle depended strongly on the adsorption characteristics (micropore volume and pore width) and the packing density. As can be seen from the data depicted in the figure, greater heat effects would be achieved if the bulk density of the carbon were increased by eliminating possible voids and macropores as far as possible without decreasing the volume of adsorbing pores. The increase in the bulk density would minimize the dead spaces between the particles. Abrasion of the external grain layers led to active carbons with better adsorptive properties, smaller voids and improved attrition strength. Indeed, for the best samples obtained, the heat effect was increased by up to 15-20% relative to that for the initial commercial carbon. However, highly abraded carbon gave a poorer heat effect than the original material.
The data obtained should serve the needs of engineering systems for sorption equilibrium and thermodynamic quantities capable of possible utilization in refrigeration and heat pumping. 
CONCLUSIONS
The activated carbon/methanol adsorption system appears to be very adequate for cooling purposes, e.g. ice production. Firstly, methanol is a good working liquid because (i) it evaporates at a temperature largely below 273 K; (ii) its enthalpy of vaporization is high; (iii) its molecules are of sufficient size to be readily adsorbed in micropores; (iv) its normal boiling point is much higher than room temperature; and (v) its working pressure is always lower than atmospheric. Secondly, for refrigeration purposes, the adsorbent must have a high adsorption capacity at ambient temperature and low pressures and a small adsorption capacity at high temperatures and pressures. The above conditions were fulfilled by the systems studied, with the method proposed for the preparation of active carbon providing the possibility of controlling both the porous structure and the packing properties of the active carbon bed.
The approach proposed for the description of equilibrium data over wide ranges of temperature and pressure is very convenient for numerical calculations, the simplicity of the procedures allowing rapid screening of many active carbon types under different conditions.
